ABSTRACE Femoral intramedullary implants were constructed by threading 4.0-millimeter-thick disks with a titanium-alloy (Ti-6AI-4V) porous bead coating onto a two-millimeter-diameter threaded rod. Each porouscoated disk, which was 6.0, 8.0, 9.0, or 10.0 millimeters in diameter, was separated by a two-millimeter-thick acrylic disk with a diameter of ten millimeters. Implants with and without a hydroxyapatite coating of twentyfive micrometers were inserted into fifteen skeletally mature adult mongrel dogs. The femoral canal was sequentially reamed bilaterally to a ten-millimeter diameter, resulting in uniform initial implant-bone interface gaps of 0.0, 05, 1.0, and 2.0 millimeters. Each animal received paired hydroxyapatite-coated and uncoated implants. Three animals each were killed at four, eight, twelve, twenty-four, and fifty-two weeks after the implantation.
*No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of t h~s article. Funds were received in total or partial support of the research or clinical study presented in this article. The tial gap of 1.0 millimeter or less demonstrated significantly increased mechanical attachment strength and bone ingrowth at all time-periods. Interface attachment strengths were positively correlated with bone ingrowth, the time after implantation, the use of a hydroxyapatite coating, and decreasing initial gap size.
CLINICAL RELEVANCE: Initial implant-bone apposition is thought to be a prerequisite for good biological fixation. This apposition is often not achieved because of the design of the implant or instruments and the operative technique. Poor initial fit during the operation may decrease the longevity of the implant. The results of the present study indicate that attachment strength and bone ingrowth are significantly affected by gaps in the interface, particularly those of more than 1.0 millimeter. In addition, the use of a hydroxyapatite coating on the implants was shown to have a positive effect on fixation of the implant, especially when the initial gap was small.
The long-term problems associated with implants fixed with cement sparked the development of biological methods for fixation, such as direct apposition of bone to the surface of the implant, bone growth into porous-surfaced implants, and chemical bonding between bone and surface-active ceramic implant-coatings. Bone growth into porous surfaces is affected by the material properties and design of the implant. Instrumentation, operative technique, the initial stability of the implant, and the amount of direct contact between the implant and the surrounding bone also influence bone ingrowth. Although they are vital for fixation of the implant, initial stability of the implant and continuous apposition to host bone cannot always be achieved. Persistent micromotion at the bone-implant interface may result in resorption of bone, necrosis, infiltration by fibrous tissue, and, ultimately, looseningof the implant". Initial gaps between the implant and the surrounding bone may also adversely affect the amount of bone ingrowth and the rate at which it o c c~r s '~'~~~.
Operative fit is often compromised because it is technically difficult to cut bone precisely to provide an exact fit to the implant. Cameron et al. histologically evaluated stable implant-bone interface gaps of 0.0,0.5, 1.0, and 1.5 millimeters in canine cortical bone at two. three, four, six, eight, and twelve weeks after implantation. At two weeks, the gaps were filled with soft tissue. By twelve weeks, all of the gaps were completely filled with lamellar bone and there was evident bone growth into the porous surface. Sandborn et al. evaluated uniform gaps of 0.0,0.25,0.5, 1.0, and 2.0 millimeters in a study of femoral intramedullary implants in a canine model. They reported limited, poorly organized bone ingrowth at twelve weeks for the 2.0-millimeter gaps compared with substantial bone ingrowth for the gaps that had been 0.5 millimeter or less. Evaluating acetabular cups in dogs, Harris and Jasty observed limited and poorly organized bone ingrowth at three months for initial gaps in the interface of as little as 0.5 millimeter.
The lack of bone ingrowth when there are initial gaps in the interface is not surprising. The cell populations necessary for the formation of bone across large interfacial gaps are identical to those needed in pressfit situations. Therefore, the effective concentration of these cells is decreased because of the increased area of large interfacial gaps. There has been recent speculation that calcium phosphate-coated implants may enhance fixation in the presence of initial gapsq. Stephenson et al. evaluated interface gaps of one. two. and three millimeters in a study of uncoated and hydroxyapatitecoated titanium-alloy implants inserted in the distal end of the femur. Greater gap-filling was observed for the hydroxyapatite-coated implants than for the uncoated implants at eight weeks. Jones et al. used a transcortical defect model in the distal end of the femur of dogs to evaluate the effects of a hydroxyapatite coating on a two-millimeter gap compared with the findings for an interference fit. Increased bone density within the gaps and bone growth into the hydroxyapatite-coated specimens were observed at eight weeks. Finally, Soballe et al. evaluated, in the distal end of femora of dogs. uncoated and hydroxyapatite-coated titanium implants with either an initial gap of one millimeter or an interference fit. After four weeks. there was no significant difference in attachment strength. However, there was increased gap-filling and bone ingrowth for the hydroxyapatite-coated implants compared with those for the uncoated implants.
As far as we know, there have been no reports on the effects of hydroxyapatite coating and interface gaps in intramedullary models that more closely mimic the femur-stem situation. Therefore, the purpose of this study was to investigate both the short-term and the long-term effects of gaps in the femoral intramedullary implant-bone interface on the resulting attachment strength at that interface and on bone growth into both an uncoated and a hydroxyapatite-coated porous surface.
Materials and Methods

Fabrication of the Implants
A two-layer titanium-alloy (Ti-6A1-4V) porous bead coating (nominally one millimeter thick) was sintered to hollow rods of titanium-alloy substrate with an inner diameter of two millimeters (BioVac, Southfield, Michigan), resulting in final diameters of 6.0.8.0.9.0, and 10.0 millimeters. The bead particles ranged in size from 500
Micrograph of the hydroxyapatite-coated porous surface, demonstrating uniform coverage and no obstruction of the porous morphology (original magnification x 50).
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to 7 10 micrometers (sieve size. -25/+35) and resulted in a uniform porous structure with a mean pore size of 275 f 35 micrometers and a volume porosity of 38 to 40 per cent7, as determined with a line-intercept method'. The pore size and volume porosity of the implants were chosen because they were within the acceptable range of pore parameters necessary to obtain adequate bone growth into porous coatings while maintaining the mechanical integrity of the ~oating'.".~'.
After fabrication. a hydroxyapatite coating (BioInterfaces, San Diego. California) was applied to half of the porous-coated rods with a modified plasma-spray process. The thickness of the coating (twenty-five micrometers) did not clog or obstruct the porous morphology (Fig. 1) . Because an open porous structure was maintained, the decrease in the mean pore size (of twenty-five to fifty micrometers) resulting from the hydroxyapatite coating would not be expected to influence the mechanical or histological dataz.'. The hydroxyapatite coating was highly crystalline (crystalline phase, 70 per cent after spraying). high density (3.02 grams per cubic centimeter). and low porosity (approximately 5 per cent). More than 97 per cent of the crystalline phase was confirmed to be hydroxyapatite by powder x-ray diffraction comparison with American Society for Testing and Materials standards (American Society for Testing and Materials Powder Diffraction File Card 9-432). The calcium-to-phosphorus ratio of the coating was 1.67 f 3 per cent. and trace-element analysis revealed fewer than fifty parts of extraneous elements per million. All information regarding the hydroxyapatite coating was provided by the company that performed the coating. However. coating characteristics were verified independently with x-ray diffraction and density measurement techniques'".
Femoral intramedullary implants were constructed by alternately threading 4.0-millimeter-thick porouscoated disks of four different diameters (6.0. 8.0, 9.0, and 10.0 millimeters), which had been cut from the hollow rods after fabrication. and 2.0-millimeter-thick solid acrylic spacers with a diameter of 10.0 millimeters onto a central two-millimeter-diameter threaded rod (Fig. 2) . Implants, approximately 100 millimeters in length. were assembled with the use of either uncoated or hydroxyapatite-coated disks: there was no mixing of uncoated and hydroxyapatite-coated disks within an implant. Three different disk arrangements were evaluated at each time-period to ensure adequate distribution of the different-diameter disks within the femora. The implant configurations were designed so that two disks of each diameter resided adjacent to cancellous were randomly divided into five groups corresponding to implantation periods of four. eight. twelve, twentyfour. and fifty-two weeks. The animals were screened for over-all health before the rods were implanted. All operative procedures and animal care were in compliance with the regulations of the National Institutes of Health of the United States Public Health Service" under the supervision of a licensed veterinarian. The animals were screened radiographically to ensure that the size of the femoral intramedullary canal was acceptable for the implant and to confirm that the osseous morphology was normal. The intramedullary canal had to have an endosteal diameter of 9.0 to 9.5 millimeters at the femoral isthmus so that the canal could be reamed to a consistent 10.0-millimeter diameter for proper and cortical bone in the metaphyseal and diaphyseal placement of the implant. The outside femoral diameter had to be at least 13.0 millimeters to ensure that sufficient cortical bone remained after reaming.
.With the dog under general anesthesia, one uncoated implant was inserted into the femoral intramedullary canal and one hydroxyapatite-coated implant with an identical disk configuration was inserted into the contralateral femoral intramedullary canal of each animal with the use of standard aseptic techniques. A small incision was made just proximal to the trochanter. The edges of the skin were retracted and the fascia lata was split to expose the gluteus medius muscle. The anterior fibers of the gluteus medius were split to expose the intertrochanteric fossa. A pilot hole was created in the intramedullary canal with a Steinmann pin. Two cannulated reamers (8.0 and 8.5 millimeters in diameter) followed by three additional reamers (9.0,9.5, and 10.0 millimeters in diameter) were used to obtain a final canal diameter of 10.0 millimeters. All reaming was done by hand to minimize thermal damage to the surface of the bone and to reduce the risk of fracture.
Before placement of the implant, the canal was irrigated with sterile physiological saline solution. The implant was gently impacted into the canal so that the most proximal portion of the implant was just distal to the root of the intertrochanteric fossa. The 10.0-millimeter acrylic spacers and 10.0-millimeter porous disks centered the implant in the canal, which resulted in nominal gap spaces of 0.0,0.5, 1.0, and 2.0 millimeters between the bone and the porous surface (Fig. 3) . We did not use an interference fit (an oversized implant) instead of the 0.0-millimeter gap (line to line) because of the length of the implants and the possibility that the cortex of the isthmus would have been split during implantation.
All of the animals were treated with a postoperative course of antibiotics (400,000 units of penicillin Gprocaine and 500 milligrams of dihydrostreptomycin sulfate) for five days. The animals were allowed immediate weight-bearing ad libitum; they were housed in cages for approximately one week after the operation and then allowed unrestricted activity in dog runs. Radiographs were made immediately postoperatively and at the time of death at four, eight, twelve, twenty-four, or fifty-two weeks after implantation. Each radiograph made at the time of death was assessed to determine which implant disks resided within cancellous bone and which resided within cortical bone.
acrylic spacers, to produce sixteen individual test specimens (four of each disk diameter) from each femur. Sectioning of the implant-bone specimens was performed with a high-concentration diamond blade on a precision water-cooled sectioning saw. Any disks that were located proximal to the intertrochanteric fossa were not mechanically evaluated. Less than 1 per cent of the disks were eliminated because of proud placement of the implant. During all preparation and testing, the samples were kept moist with a spray of physiological saline solution and were stored in towels soaked in saline solution. All implants were tested within eight hours after the time of death.
Four specially designed push-out fixtures. which supported the surrounding bone to within 150 micrometers of the bone-implant interface for each different diameter of disk, were used to determine characteristics of interface attachment. Destructive push-out mechanical testing was performed on a closed-loop hydraulic test machine (model 810: MTS Systems, Minneapolis, Minnesota) operated in stroke control with use of an inverted ramp at a rate of displacement of 1.27 millimeters per minute. Mechanical failure of the interface was defined as a sudden, marked decrease in load. Interface failure was observed after an average of 400 micrometers of displacement; thus. no implants were extruded from the bone during testing. Simultaneous recordings
Mechanical Testing
Three animals were killed at each time-period, with an intravenous injection of concentrated sodium pentobarbital. An industrial radiography inspection unit (MegaFluor 160; Omega Laboratories, Los Angeles, California) in a fluoroscopy mode was used to locate the implants accurately within the harvested femora. The were made of the displacement, as measured by the machine stroke controller. and of the load, as recorded from the load-cell transducer. Load-displacement plots were made with an x-y recorder during testing, as well as a simultaneous computer acquisition of the displacement and load data at a sampling rate of one hertz. The average thickness of the interface of each mechanically tested sample was defined as the mean of four measurements of thickness made at the boneimplant interface with a caliper micrometer. This thickness was measured because some specimens had been sectioned through the edges of the disk. The area of the bone-implant interface (measured in square millimeters) was calculated as the nominal disk circumference multiplied by the average thickness of the interface. Maximum load to interface failure was determined directly from the recording of the load-cell transducer. The interface shear strength (measured in megapascals) was determined as the maximum load to interface failure divided by the area of the bone-implant interface.
After mechanical testing. all porous-metal specimens were prepared for histological evaluation. The specimens were fixed by immersion in 10 per cent buffered formalin solution for twenty-four hours. followed by dehydration in graded solutions of 70 to 100 per cent ethyl alcohol. each for at least twenty-four hours. The specimens were then embedded in methylmethacrylate monomer with use of standard undecalcified histological techniques'". The specimens were allowed to polymerize at room temperature and were shaped into blocks for sectioning. Implants were sectioned transverse to the long axis of the femur with use of a diamond blade on the high-speed saw such that two sections, each approximately 750 to 1000 micrometers thick, were made from each disk. These samples were bonded to acrylic slides with cyanoacrylate cement and then ground to a thickness of fifty micrometers with a surface grinder and 600-grit metallurgical grinding paper. The sections were polished with 1.0-micrometer alumina slurry. Microradiographs were made and were then stained in a two-step process with toluidine blue and basic fuchsinx.
At least four histological sections for each gap size at each time-period were examined qualitatively with transmitted light microscopy for the type and quality of tissue filling the gap and of tissue growth (woven or lamellar bone. or both) into the porous structure. Each histological section was divided into thirds to determine histological data for the entire circumference of the implant. The amount of maturing new bone within the porous surface of the implant as well as the amount of the initial gap that was filled with new bone were quantitatively evaluated. Gap-filling was defined as the percentage of the original gap filled with mineralized bone. Bone ingrowth was defined as the percentage of the total area within the porous structure available for tissue ingrowth that was filled with bone.
Quantitative histological evaluation was performed on microradiographs so that only the amount of mineralized bone within the gap space and porous structure would be calculated. A Zeiss ICM 405 microscope (Carl Zeiss, Thornwood, New York) was used at low magnification (1.25 times objective) to allow an entire third of the section (the gap space and the porous structure) to be within the field of view. The images were digitized directly from the microscope with a color camera (DCX-1850MD: Sony, Carson, California) and a Targa M8 digitizing board (Truevision. Indianapolis, Indiana) in a 386SX microcomputer (Horizon, Metairie, Louisiana). The Java image-analysis software package (Jandel Scientific, Corte Madera, California) was used to calculate all mineralized bone percentages. A typical area of interest for evaluation measured approximately 4.0 square millimeters for the initial gaps of 0.0,0.5, and 1.0 millimeters and approximately 6.0 square millimeters for the initial gaps of 2.0 millimeters.
Statistical Anal+vsis
Before statistical analysis of the mechanical and histological data, all data were screened for outliers. Values were eliminated from analysis until all lzl < 3.0, as described by Rosner. No data points for the mechanical testing were eliminated from analysis: approximately 1 per cent of the histological data was eliminated from subsequent analysis. The data from each animal were first screened for outliers. If there were no outliers, data from all of the animals at each time-period and each gap space were pooled and were evaluated for significant differences due to animal-to-animal variation with use of the two-way analysis of variance at each time-period. If no significance was determined, the data from the animals were pooled. There was no variation of results due to animal-to-animal variations: therefore, all data were pooled for each gap size at each time-period.
Before subsequent comparisons, multiple linear regression was performed to determine which variables significantly influenced interface attachment strength, the percentage of bone ingrowth, and the percentage of gap-filling. The variables examined were the time after implantation, the individual dog, a hydroxyapatite coating, and the initial gap size. This regression analysis confirmed the findings of the analysis of variance that there was no influence due to individual dogs on the interface attachment strength (p = 0.45). the percentage of bone ingrowth (p = 0.62), or the percentage of gap-filling (p = 0.86), although this method is unlikely to determine a significant effect for individual dogs because of the confounding of dogs with time-period. All other factors were significant predictors for the relationships at the interface.
Subsequent statistical analysis included simultaneous comparisons with the Student-Newman-Keuls multiple range tests to examine relationships among the data, considering only those factors that were shown since the number of remaining pairs was adequate for by previous linear regression analysis to be significant. subsequent statistical analysis. Radiographically. it was The Student t test was used for paired comparisons estimated that the six most proximal disks resided in of uncoated and hydroxyapatite-coated samples within cancellous bone and the remaining ten distal disks reindividual animals. Multiway analysis of variance and sided in cortical bone. This was confirmed during the linear regression were also used to examine the corre-subsequent histological analysis. There were no gross lations between the time after implantation, the use of a architectural remodeling changes. hydroxyapatite coating, and the initial gap size. It should be noted that linear regression studies were performed solely to determine correlations among the data and not as a means for prediction. Because the distribution of the data was skewed, the mechanical and quantitative histological data were logarithmically transformed to obtain a normal distribution. Values obtained from the regression models were corrected for all models. For all statistical tests, significance was defined as p < 0.05, and the Bonferroni correction was used for multiple comparisons.
Results All animals tolerated the operation well and regained full weight-bearing within three days after the procedure. Three femoral fractures occurred in two animals during the course of the study, and both animals were eliminated from the study (one at four weeks and one at twelve weeks). These animals were not replaced
Results of Mechanical Testing
One-way analysis of variance demonstrated that the mean differences in attachment strength attributable to the position of the implant in cancellous or cortical bone were not significant (p > 0.05). Thus, the strength values from cancellous and cortical bone were pooled before paired analysis, in order to obtain a larger sample size.
When the paired uncoated and hydroxyapatitecoated implants were compared (Table I) , the mean interface strengths for all gap sizes at each time-period were larger for the hydroxyapatite-coated samples than for the uncoated samples, except at four and eight weeks for the 2.0-millimeter gap. However, because of the small sample size and the large standard deviations. subtle differences among the data may have been obscured.The hydroxyapatite coating significantly enhanced attachment strength at twenty-four and fifty-two weeks for all initial interface gaps of 1.0 millimeter or less (p < 0.05) except for the 0.5-millimeter gap at fifty-two weeks. Three-way analysis of variance demonstrated that mechanical strength was significantly affected by the time after implantation, hydroxyapatite coating, and decreasing interface gap size (p < 0.05 for all). No interaction among the independent variables was noted for mechanical strength (p > 0.1). Stepwise linear regression demonstrated that all of the independent variables (the time after implantation, hydroxyapatite coating, and the initial gap size) were significantly correlated with mechanical strength (R? [squared multiple correlation coefficient] = 0.58 f 0.4151 [standard error of the estimate]: p < 0.005 for all). Additional regression models grouped by the time after implantation demonstrated that hydroxyapatite coating and the initial interface gap were significantly correlated with mechanical strength at all time-periods: ( R = 0.59 f 0.4566 at four weeks, R' = 0.63 f 0.3611 at eight weeks. R2 = 0.65 f 0.3422 at twelve weeks, R' = 0.55 f 0.4206 at twenty-four weeks, and R' = 0.67 f 0.3559 at fifty-two weeks; p < 0.0001 for all). Also, the slopes of the regression lines at each time-period were significantly different, suggesting that mechanical strength increased with the time after implantation (p < 0.001) and therefore suggesting a time effect. A final regression model grouped by the initial interface gap also demonstrated that the time after implantation significantly affected the mechanical strength for all gaps, and hydroxyapatite coating significantly enhanced mechanical strength for all gaps of less than 2.0 millimeters ( R = 0.09 f 0.4311 for the 2.0-millimeter gaps, R = 0.27 f 0.4362 for the 1.0-millimeter gaps, R2 = 0.36 f 0.4775 for the 0.5-millimeter gaps, and R2 = 0.44 f 0.2685 for the 0.0-millimeter gaps; p < 0.001 for all except the 2.0-millimeter gaps). Also, the slopes of the regression lines for each interface gap were significantly different, suggesting that mechanical strength increased with a decreased initial gap size (p < 0.001). Therefore, not only did a hydroxyapatite coating increase attachment strengths for initial gaps of one millimeter or less but also the attachment strength in the hydroxyapatite-coated specimens increased as the gap decreased. Even though the time after implantation is confounded with individual dogs, the previous results that demonstrated significant increases in interface attachment strength with the time after implantation are believed to be accurate. Previous results with analysis of variance demonstrated that individual dogs did not have a significant influence; however, the time after implantation did have a significant influence on the interface attachment strength. 
Histological Results
The mean percentage of bone ingrowth and gapfilling for both the uncoated and the hydroxyapatitecoated implants in cancellous bone were, in general, larger than those in cortical bone, but a one-way analysis of variance demonstrated that these differences were not significant (p > 0.05). Thus, as with the mechanical results, the values for bone ingrowth and gapfilling from the cancellous and cortical regions were pooled to obtain a larger sample size before the paired analysis.
When the paired data for bone ingrowth for the uncoated and hydroxyapatite-coated implants were compared (Table 11) , the hydroxyapatite-coated specimens were found to have greater ingrowth than the uncoated specimens in fifteen of the twenty comparisons; seven of the differences were significant. The hydroxyapatite coating significantly increased bone ingrowth for the 0.0-millimeter gaps at eight weeks, for the 0.5-millimeter gaps at all time-periods except four and twenty-four weeks, for the 1.0-millimeter gaps at both eight and fifty-two weeks, and for the 2.0-millimeter gaps at fifty-two weeks. As with the mechanical data, the small sample size and the large standard deviations may have obscured subtle differences among the data.
Three-way analysis of variance demonstrated that bone ingrowth was significantly affected by the time after implantation, hydroxyapatite coating, and decreasing initial gap size (p < 0.05 for all). There was no interaction among the independent variables for bone ingrowth (p > 0. for the 0.5-millimeter gaps, and R = 0.06 f 0.3236 for implantation with individual dogs, the influence of inthe 0.0-millimeter gaps; p < 0.001 for all). Also, the creased time after implantation is accurate and was slopes of the regression lines for each interface gap not affected by individual dogs, as determined by prewere significantly different, suggesting that bone in-vious results of analysis of variance. Therefore, as was growth increased with a decreased interface gap (p c observed with the mechanical data, even though a 0.001). Again. despite the confounding of the time after hydroxyapatite coating effectively increased the per-
The hydroxyapatite-coated implant. Bridges of woven bone span the entire gap, allowing for slight bone growth into the porous structure. There is more gap-filling associated with the hydroxyapatite-coated implant than with the uncoated implant.
Figs. 5-A and 5-B: Histological sections of implants that had had an initial gap of 1.0 millimeter and were mechanically tested at twelve weeks after implantation (toluidine blue and basic fuchsin, original magnification x 6.25). centage of bone ingrowth for initial gaps of 1.0 milli-ingrowth for the 2.0-millimeter gaps (p < 0.0001). This meter or less. the increase in bone ingrowth became increased bone ingrowth was mostly attributable to greater as the gaps became smaller at earlier time-osseous development along the hydroxyapatite-coated periods. However, by fifty-two weeks after implanta-surfaces in which regions of hydroxyapatite were in tion, hydroxyapatite significantly increased the bone direct contact with trabecular bridges. The uncoated
FIG. 5-B
The hydroxyapatite-coated implant. Trabecular bridges span the entire gap, allowing for the apposition to hone and for hone growth into the porous structure. There is more gap-filling and apposition to bone associated with the hydroxyapatite-coated implant than with the uncoated implant.
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Figs. 6-A and 6-8: Histological sections of implants that had had an initial gap of 1.0 millimeter and were mechanically tested at twenty-four weeks after implantation (toluidine blue and basic fuchsin, original magnification x 6.25). implants demonstrated less gap-filling and trabecular bridging to the porous surface. and the development of bone within the porous surface was observed only adjacent to trabecular bridges. When the gap-filling for the uncoated implants was compared with that for the hydroxyapatite-coated implants (Table 111) . at each time-period and for all gap sizes. the mean percentage of gap-filling was found to be greater for the hydroxyapatite-coated samples than for the uncoated samples in nine of the fifteen comparisons; four of these differences were significant. The hydroxyapatite coating significantly increased gapfilling for the 0.5-millimeter gaps at eight and twelve weeks and for the 2.0-millimeter gaps at twelve and fifty-two weeks.
Three-way analysis of variance demonstrated that A hydroxyapatite-coated implant.There is more apposition to bone and bone growth into the porous structure of the hydroxyapatite-coated implant than in the uncoated implant.
gap-filling was significantly affected by the time after implantation, hydroxyapatite coating, and decreasing initial gap size (p < 0.05 for all). There was no interaction among the independent variables for gap-filling (p > Qualitative histological analysis demonstrated the presence of bridges of trabecular bone across initial gap spaces of 1.0 millimeter or less at all time-periods. At later time-periods, trabecular bridges were present across initial gaps of more than 1.0 millimeter; however, the bone was limited and disorganized. After bridging the gap space, the bone surrounded the implant and grew into the porous structure (Figs. 4-A and 4-B) . As late as eight weeks, woven bone was observed in the porous structure of implants with an initial gap of 1.0 millimeter or less. By twelve weeks, remodeling to a lamellar structure was evident. Quantitatively, the change from woven to lamellar bone resulted in a decrease in total bone ingrowth (Table 11) . At twelve weeks, woven bone was observed, after trabecular bridging had occurred, in the porous structure of implants with a gap of more than 1.0 millimeter (Figs. 5-A  and 5-B) . Throughout the remainder of the study, the bone slowly remodeled to lamellar bone in interface gaps that were more than 1.0 millimeter, achieving a lamellar structure from twenty-four to fifty-two weeks after implantation. The amount and thickness of trabecular bone in the gap space and the amount of bone ingrowth were also noted to be greater for implants that had had an initial gap of 1.0 millimeter or less or no initial gap. Hydroxyapatite-coated implants also demonstrated enhanced gap-filling with trabecular bridges and greater bone growth into the porous structure compared with those characteristics in uncoated implants (Figs. 6-A and 6-B) . The increased trabecular bridging observed with hydroxyapatite-coated implants resulted, at later time-periods, in increased formation of bone within the porous structure of these implants compared with the formation in uncoated implants that had had a larger initial gap (more than 1.0 millimeter).
Discussion
We evaluated the mechanical and histological effects of gap spaces at the implant-bone interface on bone ingrowth adjacent to cancellous and cortical tissue. Previous of the effects of gap spaces involved implants placed transcortically and implants placed in the cancellous bone of the distal femoral metaphysis. However, for most porous-coated hip prostheses, fixation depends on bone ingrowth from the cancellous and cortical bone of the proximal femoral metaphysis. Therefore, it is important to determine the biological limits of gap-filling and bone growth in the appropriate anatomical location. As far as we know, little mechanical testing has been done on intramedullary implants and few studies have addressed the effects of interface gap spaces on mechanical interface characteristics in any implant model. The mechanical information obtained with the intramedullary implant model in the present study permits evaluation of the effects of gap spaces in cancellous and cortical regions of bone. Although the model was not directly load-bearing, the implants were stressed by bending and torsional forces in the femur.
The shape of the femoral canal, which is slightly non-circular, affected the placement of the implant within the femur and the subsequent gap space in the cortical region. Because of the non-circular shape, areas of increased distance between the implant and bone occurred in a number of samples. It was impossible to determine how this affected bone ingrowth and attachment characteristics. However, this situation is clinically relevant as it occurs with hip implantations in humans.
Design factors must be considered when the results from several experimental studies are compared. These factors include the implant and animal model, operative placement, and testing procedures. Several investigators have performed mechanical tests on porous implants that were press-fit into cortical and cancellous bone. Clemow et al. used porous titanium implants to study THE JOURNAL OF BONE AND JOINT SURGERY the effect of bead size and of the placement of the implant in cancellous and cortical bone. The implants were evaluated after twenty-four weeks. The coarse bead size (mean pore size, 325 micrometers; range, 595 to 707 micrometers) used in their study was similar to the bead size (mean pore size, 275 k 35 micrometers; range, 500 to 710 micrometers) used in the present study. Clemow et al. reported strengths of 3.53 f 1.20 megapascals for the implants placed proximally (in cancellous bone) and 5.07 k 2.06 megapascals for the implants placed distally (near cortical bone). These reported strengths are in close agreement with the strengths measured in the present study (2.99 k 2.05 megapascals for the implants in cancellous bone and 4.19 f 3.22 megapascals for the implants in cortical bone) for the uncoated implants with an initial gap of 0.0 millimeters that were evaluated at twenty-four weeks. Placement of the implant in cancellous or cortical bone had no significant effect on attachment strength in either study.
Soballe et al. evaluated uncoated and hydroxyapatite-coated titanium implants with an interference fit and with an initial gap of one millimeter in the distal aspect of the femur in dogs. Mechanical testing four weeks after implantation showed no significant differences in strength due to the hydroxyapatite coating. However, the mechanical characteristics of the present study demonstrated an exponential decay relationship with increasing gap size. Also, a logarithmic relationship was demonstrated for increasing attachment strength with time in vivo, which was suggestive of a dynamic interface.
Examination of the histological sections and corresponding microradiographs clearly demonstrated that hydroxyapatite coating and operative fit increased the osseous response to the implants. Also, both the qualitative and the quantitative histological evaluations in the present study were in agreement with the findings of other histological studies of the effects of hydroxyapatite coating and operative fit in an intramedullary implant model'.'.".
Bobyn et al.' evaluated the histological response to cobalt-chromium-molybdenum-alloy porous intramedullary implants, located in the middle of the femoral diaphysis, at four, eight, twelve, and sixteen weeks. Implants of varying diameter resulted in gaps ranging from zero to four millimeters. However, during implantation, no control method was used to position the implant near the central axis of the canal. Therefore, one portion of an implant was in contact with the endosteal surface while another portion formed a gap with the endosteal surface. Bobyn et al. reported greater osseous development at the endosteal surface and suggested that the bone formed around the implants after originating from the point of contact at the endosteal surface. In the present study, we were able to evaluate uniform gap spaces from the endosteal surface because of central stabilization of the implants. Bone was observed in both the gap space and the porous structure of these implants, indicating that endosteal contact is not necessary for gap-filling and bone ingrowth. However. the closer the implant was to the endosteal surface (the smaller the initial gap), the more gap-filling and ingrowth were observed.
Clemow et al. evaluated bone ingrowth as well as the previously described mechanical data. They reported 30.54 f 12.38 per cent bone ingrowth for the proximally placed implants (in cancellous bone) and 30.37 f 16.72 per cent for the distally placed implants (near cortical bone). These reported percentages are in close agreement with the percentage of bone ingrowth in the present study (17.57 f 15.33 per cent for the implants in cancellous bone and 33.19 f 27.38 per cent for the implants in cortical bone) in uncoated implants that had an initial gap of 0.0 millimeters at twenty-four weeks. There was no significant difference in the percentages of bone ingrowth with respect to the placement of the implant in the femur in either study.
Jones et al. evaluated 2.0-millimeter gaps between the bone and the hydroxyapatite-coated porous cobaltchromium-molybdenum-alloy implants in a transcortical defect model in the distal aspect of the femur in dogs. Four and eight weeks after implantation, there was bone ingrowth across the gaps, but the mechanical quality of this bone is questionable as mechanical testing demonstrated a significant reduction in shear strength compared with the strength in a press-fit model. These reported observations are in agreement with the histological and mechanical observations in the present study. Limited, disorganized bone growth and filling in the 2.0-millimeter gaps, as evidenced by the large standard deviations in the quantitative analysis, were found to increase from four to twelve weeks. During this time-period, the mechanical strength of the interface similarly increased; however, it never approached the interface attachment strength of implants with no initial gap space. Even at later time-periods, when bone ingrowth and trabecular bridging were observed, the mechanical strengths still had not attained the fourweek strength of implants with no initial gap space. These observations suggest that initial gap spaces of 2.0 millimeters or more are the outer limits of the ability of bone to attain adequate mechanical and biological characteristics even with use of a hydroxyapatite-coated implant.
In summary, there was no significant difference between the interface attachment strength, bone ingrowth, and gap-filling for implants located in regions of either cancellous or cortical bone. However, with a few exceptions, a hydroxyapatite coating increased the interface attachment strength and the amount of bone ingrowth at all time-periods. These increases were significant for gaps of 1.0 millimeter or less at the earliest timeperiods. At later intervals. the histological characteristics of hydroxyapatite-coated implants that had had an initial gap of more than 1.0 millimeter were significantly im-natural ability of bone to attain adequate fixation at proved compared with those of uncoated implants. The early time-periods. While the histological characteristics mechanical and histological characteristics of the inter-of hydroxyapatite-coated implants that had had a large face continued to improve with time in vivo. These find-initial gap improved at later timc-periods. the quality of ings are suggestive of a dynamic interface that continued the bone was poor and was unable to provide improved to remodel and mature a year after the operation. Both mechanical characteristics. However. if operative fit the mechanical and the histological results suggest that is slightly compromised. a hydroxyapatite coating may large gaps (2.0 millimeters) are the outer limits of the help to increase the long-term stability of the device.
